Recent work in which photographic materials were exposed at low tem peratures (Berg and Mendelssohn 1938; Webb and Evans 1938; Berg 1939a; Evans and Hirschlaff 1939) has given results which can be explained by the assumption th at an electronic and an ionic process occur in the formation of the latent image (Trivelli 1928; Gurney and Mott 1938). At low enough temperatures these two processes are separated because the ionic mobility is reduced to zero and the ionic process is postponed until the emulsion is warmed up prior to development, whereas the electronic mobility is but little affected.
E x pe r im e n t a l (1)
The apparatus
The apparatus used may be described as an intensity-scale sensitometer, the general lay-out of which is shown in figure 1. Exposures are made through a photographic step-wedge on film having a range of densities from 0 to 4, to the image of the ball of a 100 c.p. Pointolite lamp La. The image, 7*5 mm. in diameter, is projected on to the wedge and film by means of a lens of 5 cm. focal length and aperture 1-9. The wedge is wrapped around the periphery of a drum D ; the wedge itself, the drum, and thin spacers between them form a pocket into which the film to be exposed is inserted. That part of the drum around which the film is placed forms a chamber C, which can be filled with a cooling medium. The drum is rotated by a gearless synchronous motor Mx (" S aja" gramophone c of 78 and 33| r.p.m., simply by operating a switch. In some experiments the drum was also rotated at a slower rate by a small synchronous motor driving the periphery of the turntable by means of a small rubber disk.
The exposure time is determined ei ther by the speed of the drum and the width of a slit diaphragm just in front of the drum or by a fast sector shutters. In the latter case, the exposure consists of a series of small patches, one for each revolution of the sector, each patch being an image of the pointolite ball. In order to ensure th a t at least one of the exposed areas is clear of the dividing line between the steps of the wedge, the dimensions and the speed of drum, sector, and wedge, are so chosen th at, on the average, two such exposures fall into each step of the wedge. Thus, the drum and sector motors need not be exactly synchronized, and to expose a film it is only necessary to open an auxiliary shutter Sh for about one revolution of the drum. This is done by hand, the position of the drum in the dark being indicated by a small pilot lamp attached to it.
The sector itself is made from cardboard for reasons of safety and carries several apertures, the edges of which consist of strips of black paper. The width of the narrow apertures is determined on a travelling microscope, the angle subtended by the large ones being determined directly. The accuracy is + 2 % for the smallest aperture, and rather better than this for the larger ones. The sector is situated about 3 mm. away from the drum, and is rotated by a series-wound D.C. motor M2 which is designed to go up to 10,000 r.p.m. The speed was not specially controlled but turned out to be constant to within + 2 %. The various apertures of the sector are brought into action one after the other by sliding the lamp and the optical projecting system, which form one unit, along a kinematic slide in the direction of the double-headed arrow in figure 1.
By these various means, a range of exposure times of from l/3rd to 1/300,000th sec. could be covered. (2) Procedure It was found th at the Pointolite lamp could not be relied upon to give a constant output from one experiment to the next, although the supply voltage was controlled. For this reason, a constant control exposure was made with every exposure. To make this possible the sector had an aperture of constant angle close to every aperture, and these apertures were so arranged with respect to the image of the pointolite ball that one-half of that image was exposed through the control aperture, the other half through the other aperture. In the case of the diaphragm exposures, all the diaphragms had a control aperture separated from the other aperture by a narrow strip of black paper to avoid irradiation effects. In the evaluation of the results corrections were made if the individual control exposures deviated from the average control exposure, which itself contributes one of the points on the reciprocity curve. Further corrections were applied if the speed of the sector varied, as was verified by measuring the distances between the exposed areas on each piece of film.
Reciprocity failure of photographic materials
The lens aperture was occasionally altered to change the level of intensity incident on the wedge, but the accuracy of this adjustm ent was not high enough to vary the intensity in a reproducible fashion and was therefore only used to extend the range of the wedge. If this was done it was usually arranged th at several points on the two sections of reciprocity curve obtained at the two aperture settings overlapped so th a t the two curves could be fitted to each other properly.
In order to obtain reciprocity curves from the measured densities, the photographic density of the wedge had to be accurately known, since the wedge was here the only means of varying the intensity on the film in a known manner. The density readings as obtained on a densitometer cannot be expected to represent exactly the changes in intensity on the film under working conditions, and the wedge was therefore calibrated photo graphically, using the method described by Toy (1925) .
A serious source of error lies in the inefficiency of the shutter for the very shortest exposure times. For the exposure to be defined accurately, the shutter should be effectively in contact with the film. If this condition is not fulfilled, there will be a gradual rise in intensity up to the full value, which is maintained for a time shorter than the nominal exposure time followed by a similar fall in intensity. The total exposure is not affected, but the effective exposure time cannot be defined properly, and the total time is longer than the nominal time of exposure. For the shortest exposure used here the logarithm of the total exposure time is equal to the nominal exposure time + 0-4 ; for the next longer + 0T 5. A similar correction applies for the shortest diaphragm exposures. For the longer exposure times in both cases the corrections become negligible. The experimental points on the curves are drawn as ellipses elongated to cover the range of exposures from the nominal to the total exposure time. No corrections have been made to allow for the possibility that the effective exposure time might be shorter than the nominal time, because any objection against the present results could only be based on the assumption that the effective time was longer than the nominal time.
For the experiments at reduced temperatures, no attem pts have been made to control the temperature of the film within close limits. The film was in contact with the metal drum, the metal itself being in contact with solid carbon dioxide. The step wedge was covered by an additional piece of clear film base in order to protect the wedge from condensed moisture. This piece of base would ice up considerably during any one experiment, but it was not necessary to remove the ice, since the change in intensity occa sioned by this circumstance was taken care of by the control exposure. The ice would, however, cause the intensity level incident on the wedge to be different at room and low temperatures, so th at the absolute ordinates of the reciprocity curves obtained at the two temperatures cannot be com pared. The reproducibility was fairly satisfactory and showed that, although the temperature of the film was not actually that of the carbon dioxide, a definite equilibrium temperature must have been reached. This was checked by thermocouple measurements which showed the temperature to be about -40° C, equilibrium being reached 30 sec. after the film was inserted into the pocket.
All the films belonging to one experiment were processed together in a normal metol-hydroquinone developer. panchromatic medium grain, high-speed films. All these were exposed at room temperature. These emulsions were chosen because of their widely varying reciprocity characteristics. It is clear that reciprocity failure does disappear for all these emulsions at sufficiently short exposure times. The
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point where the curves bend over into the horizontal is, within the limits of accuracy, always a t the same exposure time of about 4 x 10~5 sec., and independent of the type of emulsion or the density. The position of the bend-over point does, however, depend on tem perature, as is shown by W. F. Berg curve b o f figure 5, w hich gives th e reciprocity curve for film IV a t -40° C. The bend-over p o in t shifts tow ards longer exposures w ith decreasing tem p eratu re.
D i s c u s s i o n
The order o f m agnitude of th e tim e of exposure a t w hich th e bend-over p o in t occurs can be estim ated theoretically in th e following w ay.
I t is assum ed th a t a t a n y p o in t on th e horizontal p o rtio n of th e reciprocity curve th e sensitivity speck acquires a charge o f N electrons before th e first ion reaches th e speck. This charge a ttra c ts N in te rstitia l silver ions an d neutralizes them , form ing a m ass of m etallic silver large enough to m ake th e grain developable (G urney and M ott 1938) . I f th e n u m b er o f silver ions in in te rstitia l positions per u n it cell is C, these N ions are contained w ith in a sphere of radius l, given by 3 p 4:7rC * w h e rep is th e la ttic e constant, p -5*78 x 10-8 cm. The tim e t for th e fa rth e st ion to travel, assum ing th a t the charge of th e speck does n o t alter, is given 6 y
where m is th e ionic m obility, k th e dielectric co n distance betw een th e charge N e and th e ion. T hus finally
or since Cme/p3 is th e ionic conductivity (K ) in e.s.u. due to th e in te rstitia l ions, M easurem ents of th e ionic m obility and of th e concentration of ions in in terstitial positions over a lim ited range of tem p eratu res on pure silver brom ide m elts, have been reported by K och and W agner (1937). The logarithm s of m obility (1) and of the concentration (2) are p lo tted against l / T in figure 6. The equations given by K och an d W agner have been used for th e purposes of extrapolation. Curve 3 in figure 6 gives th e conductivity as th e product of m obility and concentration, curve 4 th e conductivity from m easurem ents by Toy and H arrison (1930) on silver brom ide m elts, and curve 5 similar measurements on single crystals by Lehfeld (1933) over a wider range of temperatures. All the conductivities except 5 are plotted in relative units and the curves can thus only be used for comparing the slopes, i.e. the tem perature coefficients. The absolute values of conductivity depend to a large extent on the history and state of purity of the material, and have not been determined a t all by Toy and Harrison. Curve 5 covers the widest range of temperatures and shows a sudden bend a t about room temperatures. The high tem perature branch is parallel to the conductivity curve 3 as determined a t high tem perature by Koch and Wagner. The low tem perature branch is parallel to the ionic mobility curve 1 and fits fairly well to curve 4 by Toy and Harrison, which was also obtained a t low temperatures. The obvious conclusion is th a t the ionic concentration does not change a t tem peratures below a certain critical point a t about room tem perature. This m aybe explained in two ways. Lehfeld (1933) suggests the change in his curve to be due to impurities which would cause surplus ions to be present, the number of which would be independent of temperature. Another explanation is th a t the number of interstitial ions is higher than th a t corresponding to the equilibrium tem perature because the crystal has not been kept a t th a t temperature sufficiently long for equilibrium to be reached (Koch and Wagner 1937).
These data make it possible to evaluate equations (1) and (4). The distance l over which the farthest ions travel is of the order of 10"6 cm., if N is assumed to be equal to 1, and 10~5 cm., for N = 1000, taking the value for C from curve 2 in figure 6 a t room temperature (G -8-3x 10-6). This result is significant because it shows th a t the ions travel over distances which are much smaller than the average emulsion grain. In all ordinary emulsions, therefore, the grain size itself will not influence the position of the bend-over point.
To evaluate equation (4), the value of the conductivity as determined by Lehfeld is the most reliable, viz. 9 x 103 abs. units. This total conductivity is about twice th at due to the interstitial ions, since according to Koch and Wagner about one-half of the conductivity is due to the mobility of the holes left on the lattice when the interstitial ions are formed. Inserting, therefore, 4-5 x 10-3 in equation (4), the time a t which the bend-over should occur, is found to be t = 2 x 10-4 sec. I t is to be noted th at this figur an approximation since the assumptions on which the calculation is based are somewhat artificial. Further, the conductivity of the iodo-bromide emulsion grains is probably higher than th at of Lehfeld's preparation. This would tend to decrease the time and bring it nearer to the experimental figure of 4 x 10~5 sec. Since N, the number of ions forming the latent image, does not appear in equation (4), the time at which the bend-over occurs should be independent, or substantially independent, of the sensitivity of the grains. This accounts for the fact th at materials of different type and at different densities all have the bend-over points at the same time of Reciprocity failure of photographic materials 567 exposure.
F igure 6
It follows from the considerations given above that the shift of the bendover point for temperatures below room temperature should depend on the ionic mobilities only. The ratio of the mobilities at the two temperatures + 20° C and -40° C is 1/120, and the ratio of the times for the bend-over points in figures 5 a and 56 is 1/ 180. The agreement is satisfactory.
The fact th a t reciprocity failure disappears for sufficiently short exposures is consistent with the earlier result (Berg and Mendelssohn 1938), th a t reciprocity failure disappears a t 90° K over the whole range of exposure times used. At th a t tem perature the bend-over would be expected to occur at 109 sec. This was explained (Berg 1939a) by comparing the exposures a t low temperatures with very brief exposures a t room tem perature and the present experiments are to be considered as confirming th a t suggestion. The loss in sensitivity at low tem perature was thought to be brought about essentially by the low capacity of the sensitivity specks (Webb and Evans 1938) which was made responsible for any further electrons being repelled and trapped elsewhere (Berg 1939 a) . W hether trapping of electrons outside the sensitivity specks also occurs at room tem perature cannot be deter mined from these experiments. Evidence th a t this trapping does occur has been provided by other means (experiments by Brentano, see Berg 19396).
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S umm ary
Experiments at very high intensities and a t various temperatures show th at for sufficiently short exposures reciprocity failure disappears. The bend-over point in the reciprocity failure curve is shown to be connected with the mobility and concentration of the interstitial Ag+ ions, and below room temperature varies with temperature as the mobility. These results provide further confirmation th at the latent image is formed by the aggregation and neutralization of silver ions on sensitivity specks. R e fe r e n c e s B erg 1939a T ra n s. F a raday Soc. 3 5 , 445. -1939b N ature 
